Introduction
Transition metal complexes with chiral ligands play a significant role in catalyzed enantioselective reactions. Among all of the ligands, Jacobson chiral salen ligand is known as the previledged ligand as it is capable of complexing with several metal ions and stabilizes them in different oxidation states [1] [2] [3] [4] [5] . Moreover, the steric and electronic nature of the complex can be easily tuned. They are found to be efficient catalysts in several mechanistically different asymmetric reactions. The efficiency of these asymmetric catalysts in general is controlled by several molecular characteristics, such as symmetry, steric properties, electronic nature of the metal ion and the ligands, as well as the interaction of the substrate with the catalyst. A rational design of a chiral catalyst with improved performance can be achieved only by an understanding of the electronic and structural properties that influence the reaction.
The use of Electron paramagnetic resonance spectroscopy (EPR) as a tool to understand the mechanism of metal catalyzed asymmetric reactions is an emerging area of research [6] [7] [8] [9] . Copper(II), an EPR active metal ion, has been used in several asymmetric oxidation reactions [10] [11] [12] [13] [14] [15] [16] [17] [18] . Use of oxygen present in air as oxidizing agent is gaining attention by being abundant and cost effective [19] . Enantioselective oxidative coupling of 2-naphthol is an important oxidation reaction in asymmetric synthesis [20] [21] [22] . Enantioselective oxidative coupling of 2-naphthol using chiral copper amine complexes has been attempted by several research groups [23] [24] [25] . Moreover copper N,N,N',N'-Tetramethylethylenediamine (TMEDA) complex is an effective catalyst for 1,1'-binaphthyl-2,2'-diol (BINOL) synthesis [26] . To the best of our knowledge, oxidative coupling of 2-naphthol to BINOL using chiral copper salen complexes using oxygen present in air is not reported. In this article, the results of aerobic oxidative coupling of 2-naphthol to BINOL catalysed by copper salen complexes have been reported. EPR has been used as a tool to explore the catalyst structure and mechanism of the reaction.
Experimental

Materials
Salicylaldehyde, 2-naphthol, and 2,4-di-ter-butyl phenol were purchased from Himedia and used without further purification. 1,2-Diaminocyclohexane purchased from Merck was resolved according to the literature procedure [27] . Formylation of 2,4-di-ter-butyl phenol and 2-naphthol was carried out by following the reported procedure [27, 28] .
Product identification
Melting points were determined in open capillary tubes on a MPA 120 melting point apparatus and uncorrected. The 1 H NMR spectra were recorded on a Bruker 400 MHz spectrometer and chemical shift values are reported in δ units (parts per million) relative to Me4Si as internal standard. IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer in potassium bromide disc or neat thin film. Elemental analyses were carried out on Perkin-Elmer 2400 Series CHNS/O analyser. All the EPR spectra were recorded on a JEOL JES TE100 ESR spectrometer operating at X-band frequencies and having a 100 KHz modulation to obtain first derivative EPR spectrum. EPR spectra at 77 K were measured by immersing the sample in a quartz dewar filled with liquid nitrogen.
Preparation of ligands
All salen ligands were synthesized according to the reported procedure [29] .
Preparation of complexes
Preparation of complex 1
To a solution of (1R,2R)-[N,N'bis(2'-hydoxybenzylidine)]-1,2-diaminocyclohexane (1.32 g, 4.1 mmol) in ethanol, CuCl2.2H2O (0.69 g, 4.1 mmol) in ethanol was added. The reaction mixture was stirred for 3 h at ambient temperature then maintained at 5 ο C. The compound formed was filtered and recrystallized from dichloromethane (30 mL) in less than 5 ο C. Yield 
Preparation of complex 2
The complex was synthesized following the procedure described for complex 1 using ( 
Preparation of complex 3
The complex was synthesized following the procedure described for complex 1 using (1R,2R 
Preparation of complex 4
To a solution of bis(2'-hydoxybenzylidine)]-1,2-diamino benzene (1.89 g, 6 mmol) in ethanol CuCl2.2H2O (1.02 g, 6 mmol) in ethanol was added. The reaction mixture was stirred for 6 h at ambient temperature then maintained at 5 ο C. The compound formed was filtered and washed by dichloromethane (20 
Preparation of complex 5
This was synthesized as described for complex 4 using 
Preparation of complex 6
This was synthesized as described for complex 4 using bis (2'- 
Experimental procedure for oxidative coupling of 2naphthol to BINOL
To a stirred solution of 2-naphthol (0.432 g, 3 mmol) in chlorobenzene (15 mL) was added chiral copper (II) Schiff-base complex 2 (0.036g, 0.06 mmol, 2 mol %) and the reaction mixture was refluxed for 48 h under aerobic atmosphere. Reaction mixture was stirred by magnetic stirrer at 600 rpm. After completion of the reaction, solvent was evaporated under reduced pressure. The residue thus obtained was purified by column chromatography on silicagel (100-200 mesh) using ethylacetate/hexane (1:4) as eluent. Evaporation of solvent yielded 1,1'-binaphthyl-2,2'-diol (0.322 g). Oxidative coupling with (B) and cross coupling reactions were performed under similar condition.
Experimental procedure for EPR monitoring of the aerobic oxidative coupling reaction
The reaction was conducted as mentioned above. A small portion of reaction mixture was collected from the reaction mixture and transferred to aqueous cell and EPR spectrum was recorded. After the measurement this solution was transferred to the reaction vessel. Thus the reaction was monitored for two days at regular intervals.
Identification of products
1,1'-binaphthyl-2,2'-diol (C): M.p.: 212-214 ο C. 1 
Results and discussion
EPR characterization of complexes
Three chiral salen ligands and three achiral salen ligands prepared using 1R,2R-cyclohexanediamine and 1,2-diamino benzene respectively were complexed with Cu(II) chloride (Figure 1 ). Complexes 16 were characterized by EPR. The EPR data are presented in Table 1 .
EPR parameters indicate unique electronic and geometric arrangement around each complex (Figure 2 ). Complexes 1, 3, 4 and 6 show rhombic symmetry, while 2 and 5 show axial symmetry. While the powder EPR spectrum of 1 shows gll and g  values, analogous complex 4 show isotropic value only. Complex 1 also shows super hyperfine splitting due to the interaction of two magnetically inequivalent nitrogens with copper whereas complex 4 does not shows such super hyperfine splitting. Both powder and solution EPR of complex 5 at room temperature and at LNT show two sets of gll and g  values indicating the presence of two copper species. The powder EPR of 2 shows one gll and g  values, but EPR of solution at LNT gives two sets of gll and g  values similar to 5. These complexes may adopt different conformations due to the presence of bulky tertiary butyl groups. Complex 3 and 6 show giso only at RT but solution sample at LNT shows three g values for both complexes confirming the rhombic symmetry.
In general chiral salen complexes 13 are more distorted than their achiral analogues 46. The observed distortion can be attributed to the trans orientation of the amino groups in cyclohexanediamine.
Catalytic performance of complexes
All complexes were tested for their efficacy for aerobic oxidative coupling of 2-naphthol derivatives (Scheme 1-3). To optimize the reaction condition, oxidative coupling of 2-naphthol with complex 2 was performed in different polar as well as non-polar organic solvents like dichloromethane, dichloroethane, methanol, ethanol, acetone, tetrahydrofuron, carbontetrachloride, chloroform, ethylacetate, acetonitrile, xylene, tolune and chlorobenzene at room temperature and under reflux condition. Reaction in chlorobenzene under refluxing condition resulted in the optimum condition for the formation of the desired product BINOL. In other solvents either reaction did not yield BINOL or the yield of the product was very low. The reaction progress was monitored by TLC (SiO2). Reaction time was optimised to be 48 h to obtain maximum yield of the desired product BINOL. Continuing the reaction beyond 48 h resulted in lowering the yield of BINOL, probably due to BINOL undergoing oxidation. Lowering the amount of catalyst resulted in lowering the conversion of 2-naphthol. The effect of the amount of catalyst used on the reaction is presented in Table 2 .
Increasing the amount of catalyst decreased the yield of the desired product (C) with more byproducts. Therefore, the reaction was performed with 2 mol% of the catalyst 46. Among all the complexes, 2 showed good conversion of the reactant (A) to (C). Catalyst 3 was less effective in converting (A) to (C). A blank experiment carried out without the catalyst under identical experimental conditions did not produce BINOL indicating the participation of the copper complex in the reaction path. The use of stoichiometric amount of complex 2 as oxidizing agent under nitrogen atmosphere did not yield the product indicating that oxygen is essential for the reaction. All reactions were continued for two days and the desired product was isolated by column chromatography. The efficacy of the catalyst 13 was also tested for reaction with (B) and in cross coupling reaction between A and B (Table 3 and (%)  1  1  2  48  89  34  2  2  2  48  70  75  3  3  2  48  100  38  4  1  5  48  100  27  5  2  5  40  100  57  6  3  5  48  100  23  7  1  10  20  100  0  8  2  10  48  100  0  9  3  10  48  100  0  10  4  2  48  52  35  11  5  2  48  50  30  12  6  2  48 53 38 a 2-Naphthol (3 mmol), copper (II) salen complexes (2-10 mol %) in chlorobenzene (15 mL) at reflux temperature under aerobic atmosphere. b Conversion refers to fraction of starting material consumed in the reaction. c Yield refers to fraction of desired product with respect to conversion. Catalyst 1 was more efficient in oxidative coupling of (B). Cross coupling reaction between (A) and (B) under similar conditions resulted in cross coupled product as the major product while substrate (A) disappeared completely from the reaction mixture forming (E) and byproducts, reactant (B) could be isolated from the reaction mixture. Homo coupled product (C) was not formed in this reaction and the yield of another homo coupled product (D) and the cross coupled product (E) are presented in Table 3 . This observed selectivity in product formation may be ascribed to the electronic nature of the radical formed. Substrate (B) with an electron withdrawing group might act as an acceptor, and substrate (A) might participate in one electron red-ox reaction with copper (II) complex generating a radical intermediate which preferentially couples with substrate (B).
EPR monitoring of reaction
The reaction performed using catalyst 1 was monitored by EPR and TLC. There is no apparent difference in EPR spectra of the complex and of the reaction mixture till the formation of BINOL was noticed on TLC. However different EPR patterns are seen as the reaction was in progress and concentration of BINOL in the reaction mixture increased. Though the reaction is suggested to proceed through a radial mechanism, a free radical signal was not seen in the EPR spectrum till BINOL (C) was noted on TLC. Moreover, EPR pattern of the complex also did not show any change till the formation of BINOL was noted on TLC. The radical may be short lived and undergo dimerization before being detected by EPR. However, variations in the intensity of the copper lines were observed which is attributable to the red-ox cycle of the reaction. Formation of a new copper species and a radical signal was observed (Figure 3, 3g) as the reaction time increased. The free radical signal persisted till the completion of the reaction and increased in intensity (Figure 3, 3g-3k) . The radical signal might arise from BINOL and the new copper species seen in the EPR might be due to the interaction of BINOL with the catalyst.
The observed decrease in the yield of (C) with concomitant increase in other by-products when the amount of the catalyst is increased can be attributed to an increase in the rate of the reaction with increasing the amount of the catalyst resulting in (C) and its reaction with the catalyst.
Monitoring the reaction of (A) using catalyst 2 also showed a similar trend in the EPR lines of copper as long as the reaction continued. Although EPR resonances corresponding to a radical appeared as observed in the reaction with catalyst 1, the increasing intensity of the radical signal did not affect the pattern of the copper lines (Figure 4 , 4i-4j) ascribable to the steric crowding around copper preventing the binding of BINOL to metal ion.
Stereoselectivity of biaryl coupling
Oxidative coupling of (A) with chiral catalysts 13 resulted in the formation of racemic BINOL only. However, oxidative coupling of (B) under similar conditions resulted in 38% ee ( Figure 6 ) in the reaction with catalyst 1 (Table 4) . But the reaction of (B) with catalysts 2 and 3 resulted in racemic products. A cross coupling reaction with catalysts 13 also resulted in racemic products only. These observations suggest that the presence of chelating substituents and less hindered catalysts enables the substrate to remain bound to chiral catalyst till the coupling reaction is completed (Scheme 4). Similar observation has been reported in chiral amine -copper complex catalyzed reactions [24] .
EPR monitoring of the reaction does not show any change in the pattern of the EPR lines as long as the reaction occurred ( Figure 5 ). Contrary to the reaction of (A) with catalyst 1, a free radical signal and new copper specie did not appear as the reaction was in progress indicating that the product does not react with the catalyst. 
Scheme 4
The observed enationselectivity supports that the reaction involves the participation of the catalyst, but binding of the substrate with the complex is not detectable by EPR. Lack of stereoselectivity of the reaction of (B) with catalysts 2 and 3 can be attributed to the steric crowding around the metal center preventing the chelation of the substrate with the complex.
Conclusion
Cu(II) salen complexes can be used as catalysts to bring out oxidative coupling of 2-naphthol derivatives. The catalytic efficiency depends on the extent of the distortion around Cu(II). The stereoselectivity of the reaction is influenced by the nature of substituent on the substrate as well as the steric crowding around the metal center. Biaryl coupling favors the formation of cross coupled product.
